Abstract-A novel array-antenna decoupling surface (ADS) for mutual coupling reduction in microstrip patch antenna is proposed in this paper. The proposed ADS is composed of a group of primary reflector patches and a pair of rectangular and T-shaped secondary reflector patches. Through generating the reflected waves with equal magnitude but out of phase of the coupling waves, the isolation of the antenna elements could be significantly improved by the novel proposed ADS. Then, for verification, a two-element microstrip antenna array covered by the proposed ADS with an edge-to-edge separation of 0.11λ 0 (λ 0 is the wavelength of the operating frequency in free space) was designed and fabricated. As expected, the experimental results have demonstrated that an additional 40.4 dB isolation enhancement at the resonant frequency was achieved by the proposed ADS. Moreover, a much wider bandwidth of the isolation was also obtained than that of return loss of 10 dB. In addition, a gain improvement of 0.95 dB was achieved at 2.45 GHz by utilizing the novel ADS. Thus, the decoupling structure can be applied to multiple-input multiple-output (MIMO) systems for its simple structure and high isolation providing.
INTRODUCTION
MIMO has been widely used in many wireless communication systems, such as WLAN, WIMAX and LTE, due to its advantages, such as improved channel capacity and reliability. Meanwhile, WLAN has become one of the main ways to carry network traffic due to its advantages of low cost, fast data transmission and easy deployment. MIMO system requires multiple antennas to suit for high channel capacity and high data rate [1, 2] . However, with the increase of the number of antennas, the mutual coupling between antenna elements has become an issue that cannot be neglected. Mutual coupling leads to the deterioration of antenna performance, including mismatching impedance and degrading radiation efficiency [3] . Because the mutual coupling between antenna elements can cause interference to the signal, low mutual coupling demand between the antenna elements becomes especially important.
The cause of mutual coupling includes spatial field coupling, common current coupling, feeding coupling and the like. In recently published literatures, several approaches have proposed to reduce the mutual coupling between two antenna elements. In [4] and [5] , electromagnetic band-gap (EBG) structures which have band-stop feature are proposed to suppress the surface wave propagation for alleviating the mutual coupling effect. However, due to deploying the periodic structures between the antenna elements, the distance between the antenna elements has to be expanded. In [6] [7] [8] , the isolation enhancement through suppressing the common ground current is achieved by applying a defected grounded structure (DGS). Nevertheless, it reduces antenna front-to-back ratio and lower antenna gain. In [9] , the meta-surface consists of periodic square split ring resonators. It is suspended above the antenna array, and a satisfactory isolation enhancement is attained. However, due to the change of medium parameters, the matching of the microstrip antenna becomes worse. In [10, 11] , the array-antenna decoupling surface (ADS) is proposed and applied to the antenna arrays with isolation enhancement. The ADS has the advantage that maintains the matching conditions of the original antenna, increasing the radiation gain and process conveniently.
In this paper, a novel ADS is proposed to reduce the mutual coupling between two patch antennas. It consists of primary reflector patches and a pair of rectangular and T-shaped secondary reflector patches. The isolation enhancement is realized by producing reflected waves with equal magnitude but out of phase of the coupling waves. For verification, a two-element microstrip antenna array covered by the proposed ADS with an edge-to-edge separation of 0.11λ 0 was designed and fabricated. The proposed ADS achieves a high isolation enhancement within working bandwidth, though the advantages of the low profile of the patch antenna get damaged. The radiation gain improvement is also made in this design.
The paper is organized as follows. Section 2 presents the design and characterization of the ADS. Section 3 presents the numerical optimization of structure parameters. Section 4 presents the simulated and measured results. Section 5 presents conclusion of the paper.
NOVEL ADS DESIGN
The ADS consists of a plurality of metal reflection strips. These metal strips are divided into a primary reflector which provides the main reflected waves and a secondary reflector which compensates the missing components of the main reflected waves. As shown in Fig. 1 , the ADS with a primary reflector and a secondary reflector is suspended above the two-element antenna array. The ADS improves the isolation between the antenna elements through generating the reflected waves which have equal magnitude but out of phase coupling waves. A well-designed ADS ought to satisfy the following conditions |S reflect 21
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is the transmission coefficient of the microstrip antenna array without ADS, and S reflect 21 is the transmission coefficient of the reflected waves generated by the ADS, which is transmitted from antenna 1 to antenna 2. In order to show the design process of the proposed ADS, three ADS prototypes are depicted in Fig. 2 . Among them, (a) which only consists of the primary reflectors is proposed by Wu et al. in [10] . From this paper, we know that the primary reflector patches create the main reflected waves, and the secondary reflector patches compensate the missing components of the main reflected waves. So, the ADS which contains a pair of rectangular and T-shaped secondary reflectors is designed. Adding the In order to better demonstrate the effect of the proposed ADS for mutual coupling suppression, a two-element microstrip antenna array is covered by the proposed ADS as shown in Fig. 4 . The dimensions of the microstrip antenna array are w p = 42 mm, l p = 37 mm, R 1 = 1.2 mm, R 2 = 3 mm, l c = 5.2 mm, d = 13 mm and t = 1 mm. The antenna array is also placed upon a 1 mm thick substrate with dielectric constant 2.65 and loss tangent 0.001. Both the antennas are excited by a coaxial connector with 50 Ω impedance. The microstrip antennas operate at 2.45 GHz and have an edge-to-edge separation of 0.11λ 0 . The proposed ADS is suspended above the antenna array at a height of 38 mm (0.31λ 0 ), and each group of primary reflector patches is placed right above its corresponding microstrip antenna element as shown in Fig. 4(b) . Figure 5 shows the reflection and transmission characteristics of the 1 × 2 microstrip antenna array with the ADS during various stages of evolution. As shown in Fig. 5 , the isolation of stage 1 is 23 dB at 2.45 GHz. When adding a pair of rectangular secondary reflectors, the isolation is only increased 3 dB (from 23 dB to 26 dB). However, by adding a pair of T-shaped secondary reflectors, the isolation between the antenna elements reaches 78 dB at 2.45 GHz, which is increased 55 dB compared to stage 1. It can also be seen that with the continuous improvement of the ADS structure, the matching of antenna 1 at the central frequency is getting better and better, but the bandwidth of return loss of 10 dB has hardly changed. Figure 6 depicts the distribution of the electric filed contours on a cutting surface in XOZ plane under different phase conditions. It can be seen from Figs. 6(a), (b), (c) and (d) that no matter which ADS is loaded on the antenna array, the mutual coupling between the two antennas decreases compared to the array without ADS because the reflectors can provide reflected waves with equal magnitude but out of phase coupling waves. With the continuous improvement of ADS, the power of antenna 1 coupled to antenna 2 is reduced. Due to the addition of the rectangular secondary reflectors, there is a coupling effect of energy between the main reflectors and rectangular secondary reflectors, but the energy coupling is small, so the isolation between the antenna elements is only slightly improved as shown in Fig. 6(c) . By comparison of Figs. 6(c) and (d), it is shown that the mutual coupling decreases significantly after adding T-shaped secondary reflectors. The reason for the significant increase in isolation is that after loading T-shaped secondary reflectors, there is a coupling effect of energy between the rectangular secondary reflectors and primary reflectors. Although the direction of the beam is slightly affected, the isolation between antenna elements is greatly improved.
PARAMETERS ANALYSIS
In Section 2, the effects of the interaction of reflectors on the isolation are discussed. To further study the influence of the secondary reflectors on the coupling waves among the antenna elements, the parameters of the secondary reflectors are analyzed in this section. is the width of the rectangular secondary reflector, the distance between it and the T-shaped reflector is gradually reduced, and part of the power is gathered between the two plates to produce resonance, which causes the maximum isolation to move to the lower frequency as given in Fig. 7(a) . However, as the length of the rectangular secondary reflector changes, the maximum isolation is not offset at the center frequency in Fig. 7(b) . It can be seen that the length of the rectangular secondary reflector only changes the maximum isolation at the central frequency.
Parameters Analysis of the Rectangular Secondary Reflectors

Parameters Analysis of the T-Shaped Secondary Reflectors
As depicted in Figs. 8(b) and (d) , it can be perceived that l 3 -the length of the T-shaped secondary reflector and l 4 -the length of protruding part of the T-shaped secondary reflector only change the maximum isolation at the central frequency but does not change the frequency at which the maximum isolation is located. As can be seen from Fig. 8(a) and Fig. 8(c) , with the increase of w 3 -the width of T-shaped reflectors and w 4 -the width of the protruding part of the T-shaped secondary reflector, the maximum isolation moves to the lower frequency. This is because not only the power is concentrated between the T-shaped reflectors and rectangular secondary reflectors, but also there is power coupling between the T-shaped reflectors and rectangular primary reflectors.
SIMULATED AND MEASURED RESULTS
The simulated reflection and transmission coefficients of the microstrip antenna array with and without ADS are shown in Fig. 9 . Since the antennas are compact, the array without ADS suffers from strong coupling, and the isolation between the antenna elements is only 13 dB at 2.45 GHz. After loading ADS, the mutual coupling at 2.45 GHz is found to be −78 dB. From the presented results, it is observed that the ADS provides additional 65 dB enhancement in the isolation between the antenna elements at 2.45 GHz. It also appears that the decoupling bandwidth reduced from −13 dB to −40 dB is much wider than return loss of 10 dB. To further verify properties of the proposed ADS, prototypes of the proposed ADS and referred microtrip antenna arrays are fabricated as shown in Fig. 10 . As can be seen in Fig. 11 , after adding the ADS, the center frequency of the array is shifted very little, which hardly affects the antenna matching. The measurement results in Fig. 11 demonstrate that the isolation of the array without ADS is 15.4 dB at 2.45 GHz, and the isolation using ADS reaches 55.8 dB (40.4 dB improved). In addition, the isolation between the antenna elements can reach the maximum of 60 dB (44.7 dB improved) within the working bandwidth. Obviously, seen from Fig. 11 , the bandwidth with isolation greater than 40 dB is much wider than return loss of 10 dB. The comparison between the measured and simulated reflection coefficients is shown in Fig. 12(a) . It can be concluded that the measured results of the reflection coefficient of the antenna are basically consistent with the simulated results. As shown in Fig. 12(b) , the measured transmission coefficient bandwidth, which is less than −40 dB, is increased. The measured and simulated radiation patterns of the arrays are shown in Figs. 13(a) and (b). As can be seen from Fig. 13(a) , both the simulated and measured results show that the antenna reaches the maximum gain on the E plane at θ = 0 deg. However, the backlobe level measurement of the antenna without ADS is smaller than the simulated result. Both the measured and simulated results show that the antenna reaches the maximum gain on the H plane at θ = 25 deg, shown in Fig. 13(b) . It can be concluded that the measured and simulated results agree well with each other. Figs. 14(a) and (b) show the measured gain of the antenna at ϕ = 0 deg and ϕ = 90 deg, respectively. As can be seen in Fig. 14(a) , the antenna without ADS at θ = 0 deg reaches the peak gain, which is 5.8 dB. It can been seen from ADS, the antenna at θ = 25 deg reaches the peak gain, which is 6.75 dB. Thus, it can be found from the measurement that the peak gain of the antenna with adding the proposed ADS is 0.95 dB higher than that of the arrays without ADS, improving from 5.8 dB to 6.75 dB. Table 1 shows the decoupling techniques and their performances in recent published literature compared to the proposed ADS utilized in this paper. From comparisons, it can be seen that each decoupling mechanism has its own characteristics. From Table 1 , although the size of the proposed antenna with ADS is larger than others, it can achieve excellent maximum isolation improvement at close range between antenna elements.
CONCLUSION
The paper presents a novel ADS structure where isolation property is remarkably improved in 1 × 2 microstrip antenna arrays. Through adding the secondary reflectors to compensate missing components of the main reflected waves, the isolation property improvement between the antenna elements can be easily made. To verify the simulations, the prototype of antenna array with ADS is fabricated and measured. The measured results show that the proposed ADS provides a maximum isolation enhancement from 15.3 to 60 dB (44.7 dB improved) within working bandwidth. Additionally, the gain improvement is 0.95 dB at the resonant frequency. So the proposed ADS structure provides an attractively alternative solution to the design of high isolation antenna arrays for Massive MIMO arrays.
